Abstract. Mass spectra of excited states of the singly charmed baryons are calculated using the hypercentral description of three body system. The baryon consist of a charm quark and light quarks (u, d and s) are studied in the framework of QCD motivated constituent quark model. The form of confinement potential is hyper coloumb plus power potential with potential index ν, varying from 0.5 to 2.0. The first order correction to the confinement potential is also incorporated in this approach. The radial as well as orbital excited state masses of Σ We have incorporated spin-spin, spin-orbit and tensor interactions perturbatively in the present study. The semielectronic decay of Ωc and Ξc are also calculated using the spectroscopic parameters of these baryons. The computed results are compared with other theoretical predictions as well as with the available experimental observations. We also construct the Regge trajectory in (nr, M 2 ) and (J, M 2 ) plane for these baryons.
Abstract. Mass spectra of excited states of the singly charmed baryons are calculated using the hypercentral description of three body system. The baryon consist of a charm quark and light quarks (u, d and s) are studied in the framework of QCD motivated constituent quark model. The form of confinement potential is hyper coloumb plus power potential with potential index ν, varying from 0.5 to 2.0. The first order correction to the confinement potential is also incorporated in this approach. The radial as well as orbital excited state masses of Σ We have incorporated spin-spin, spin-orbit and tensor interactions perturbatively in the present study. The semielectronic decay of Ωc and Ξc are also calculated using the spectroscopic parameters of these baryons. The computed results are compared with other theoretical predictions as well as with the available experimental observations. We also construct the Regge trajectory in (nr, M 2 ) and (J, M 2 ) plane for these baryons. [6] . Thus, a rich dynamical study on heavy flavor mesons and baryons with their properties become important from the point of view of understanding QCD at the different energy scale.
After the discovery of J/ψ, an evidence of the first single charmed baryon was found. Λ + c has been discovered at BNL [7] in 1975 . Shortly, Σ ++ c mass was discovered at FNAL [8] in 1976. Then Ξ c were announced by Belle [3] and also by BABAR collaboration [4] . The WA62 collaboration announced the first ground state of Ω c [9] . Charmed baryons were mainly discovered at the Bfactories, whereas bottom baryons are more recently studied at LHC and also in Lattice-QCD [10, 11] . Experimentally, only singly charmed baryons have been perceived. The only discovery of doubly charm baryon (Ξ ++ cc ) is reported by SELEX collaboration [12] , whereas no triply heavy baryons have been observed yet. Recently, the spectra of triply heavy baryons are calculated by quark model [13] as well as Lattice QCD [14] . The mass spectra, width, Send offprint requests to: raiajayk@gmail.com lifetime and form factors have been often reported by numerous experimental groups but the spin and parity identification of some states are still missing. These problems will be taken care by the study of angular distribution of particle decays. The recent review article by HaiYang Cheng gives details of the spectroscopy, strong decays, lifetimes, nonleptonic and semileptonic weak decays, and electromagnetic decays of these charmed baryons [15] . Furthermore, the future experiments at J-PARC, PANDA [16] , LHCb, and Belle II are expected to give further information on charmed baryons in near future.
Singly Charmed Baryons
As we know, Baryons are strongly interacting fermions made up of three quarks. Baryons having only u and d quark are called nucleons (I 3 = According to the symmetry, the charmed baryons belong to two different SU(3) flavor representations: the symmetric sextet 6 s and anti symmetric anti triplet3 A , 3 ⊗ 3 = 6 s +3 A .
Triplet baryons are anti symmetric under the interchange of the u (d) and s quarks; thus, the product of spin and spatial wave functions must be symmetric. In contrast, the product of spin and spatial wave functions of sextet baryons are required to be anti symmetric due to their symmetric flavor wave functions under the interchange of the two light quarks [18] . The symmetric flavor wave function for sextet can be written as The constituent quark model can be considered as an intermediate phenomenological model which fits the experimental data. Various phenomenological models have been used to study heavy baryons by different approaches, starting from non-relativistic Isgur-Karl model [19] , then, relativized potential quark model [20] , relativistic quark model [21] , variational approach [22] , the Fadeev approach [23] , the algebraic approach [24] , the Goldstone Boson Exchange Model [25] , the Bonn model and Bethe-Salpter approach [26] , the interacting quark-diquark model [27] , the Feynman-Hellmann theorem [28] , the Hypercentral Model [29] , the combined expansion in 1/m Q and 1/N c [30] , QCD sum rules [31] , a soliton model [32] , chiral quark model [33] and many more have been studied thenceforth. There are also many Lattice QCD studies which has examined the internal structure and quark dynamics of hadrons [34, 35, 36, 37, 38] . An interesting and brief description of some models are given in M.M. Ginnani and E. Santopinto Review article [39] . The quark-di quark model could represent a partial solution to the problem of the missing resonance. Thus, it is useful especially if applied only to the excited states [3] . The Capstick-Isgur model [20] is relativistic model and adjunct of relativised meson model to the three body. The U(7) model describes three quark system with the help of bosonic quantization [24] , the elastic and inelastic form factors are explained decently. In Goldstone boson exchange model, as name suggests, boson interaction is considered in the chiral limit that QCD exhibits [25] . The relativistic Interacting quark quark model is a relativistic version of Interacting model [27] . In addition, they have much less resonances than a normal three quark model. Our study here is based on Hypercentral Constituent Quark Model (hCQM) with coulomb plus power potential (hCPP ν ) [40, 41, 42, 43, 44] . The model has been used for a systematic calculation of various physical quantities. The hCQM scheme has been applied in case of baryons, which amounts to an average two two-body potential for the three quark system over the hyper angle and works quite well. The Hypercentral Constituent Quark Model (hCQM) is already used for ground state single charmed baryon mass calculations [40] . The present study is useful to implant the model for excited states of single charmed baryon. We use the seven baryons (Σ
) to calculate mass spectra mentioned in Table 1. The quark content and SU(3) multiplicity of these baryons are also given in this table. We also construct the Regge trajectory for these baryon in (n r , M 2 ) and (J, M 2 ) plane, where one can test their linearity, parallelism and equidistant. Here, n r is radial quantum number, M is baryon mass and J is the baryon spin. As stated, we consider the masses of light quarks as unequal. According to our knowledge, only Ref. [21] focused on the mass spectra of the radial as well as orbital excited states of heavy baryons (Σ c , Ξ c , Λ c , Ω c ) precisely. In their work, a relativistic quark potential model was used in the quarkdiquark picture. Recently, Ref. [46] calculated high excited states of Λ c and Ξ c within the relativistic flux tube (RFT) model. Moreover, a non-relativistic quark model with harmonic oscillator potential also showed excited mass spectra of Λ c , Σ c and Ω c baryons in terms of their λ and ρ excitation modes. Where domination of the modes depends on the heavy quark M Q and two light diquark masses m q [47] . We anticipated the low lying states J P ,
− of all (seven) baryons. Several S-wave, P-wave and D-wave single charm baryons are given in Table 3 with their known experimental masses. This paper is organized as follows: The hypercentral Constituent Quark Model (hCQM), which has been used for a systematic calculation of various singly charm baryon mass spectroscopy is given in section 2. The details of semi electronic weak decays is presented in section 3. We analyze and discuss different charmed baryons and their obtained results are tabulated in section 4. We also discuss Regge trajectories and their outcomes in same. Lastly, we make our own conclusions in section 5.
The Model
To deal with three body system (baryons) is always interesting as well as challenging in nuclear and particle physics. The relevant degrees of freedom for the relative motion of the three constituent quarks are provided by the relative Jacobi coordinates (ρ and λ) which is given by [48] as
Here m i and r i (i = 1, 2, 3) denote the mass and coordinate of the i-th constituent quark. The respective reduced masses are given by The constituent quark mass parameters used in our calculations are listed in table 3. The angle of the Hyperspherical coordinates are given by Ω ρ = (θ ρ , φ ρ ) and Ω λ = (θ λ , φ λ ). We define hyper radius x and hyper angle ξ in terms of the absolute values ρ and λ of the Jacobi coordinates [49, 50, 51] ,
In the center of mass frame (R c.m. = 0), the kinetic energy operator can be written as where
is the quadratic Casimir operator of the six-dimensional rotational group O(6) and its eigenfunctions are the hyperspherical harmonics,
Here, γ is the grand angular momentum quantum number.
In present paper, the confining three-body potential is chosen within a string-like picture, where the quarks are connected by gluonic strings and the potential increases linearly with a collective radius r 3q as mentioned in [39] . Accordingly the effective two body interactions can be written as
In the hypercentral approximation, the potential is only depends on hyper radius(x). More details can be seen in references [39, 55] . On the other hand, the hyper radius x is a collective coordinate and therefore the hypercentral potential contains also the three-body effects. The Hamiltonian of three body baryonic system in the hCQM is then expressed as
where, m = 2mρm λ mρ+m λ , is the reduced mass and x is the six dimensional radial hyper central coordinate of the three body system. The hyperradial Schrodinger equation corresponds to the above Hamiltonian can be written as,
where Ψ γ (x) is the hypercentral wave function. We consider a reduced hypercentral radial function, φ γ (x) = x 5 2 Ψ γ (x). Thus, six dimensional hyperradial Schrodinger equation reduces to,
For the present study, we consider the hypercentral potential V(x) as the color coulomb plus power potential with first order correction [56, 57, 58] ,
where V 0 (x) is given by and first order correction as similar to the one given by [56] ,
Here, the hyper-Coulomb strength τ = − 2 3 α s where α s corresponds to the strong running coupling constant; 2 3 is the color factor for baryon, β corresponds to the string tension of the confinement. ν is a potential index, varying from 0.5 to 2.0. C F and C A are the Casimir charges of the fundamental and adjoint representation. The strong running coupling constant α s is given by,
If we compare Eqn. (8) with the usual three dimensional radial Schrodinger equation, the resemblance between angular momentum and hyper angular momentum is given by [24] , l(l + 1) → 15 4 + γ(γ + 4). The spin-dependent part of Eqn. (9), V SD (x) contains three types of the interaction terms, such as the spin-spin term V SS (x), the spin-orbit term V γS (x) and tensor term V T (x) given by [59] ,
The Spin-orbit and the tensor term describe the fine structure of the states, while the spin-spin term gives the spin singlet triplet splittings. The coefficient of these spin dependent terms of Eqn. (10) can be written in terms of the vector, V V (x) = τ x and scalar, V S (x) = βx ν parts of the static potential as
Instead of the six dimensional delta function which appear into spin-spin interaction term of Eq n . (13), we use smear 
where x 0 is the hyperfine parameter of the model. We take A = A 0 /(n + γ + 2 , where A 0 is arbitary constant.
For the calculation of ground state masses (J P = 1 2 + and
+ ), we fix β in each case of ν and then calculated the excited states of the heavy baryons. β is state dependent parameter [42] . The baryon spin average mass in this hypercentral model is M B = i=1 m i + BE. We have numerically solved the six dimensional Schrodinger equation using Mathematica notebook [45] .
We have calculated the masses of orbital and radial excited heavy baryons and followed the (2S+1) γ J notations for the spectra [See Table 4 -17] . Masses are obtained in the present study for each case of the model potential, ν= 0.5 to ν=2.0. Note that, A are masses without first order correction and B are masses with first order correction in Table [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . We plot graphs for calculated excited state (S and P state) with different potential index (M → ν) (See Fig. 1-5 ). The Regge trajectories are also drawn in M 2 → n and M 2 → J plane (See Fig. 6-14) . 3 Semi-electronic decays of Ξ c and Ω c bayons
In this section, we discuss, weak decays of heavy baryons. In which, the heavy quark(c or b) acts as spectator and the strange quark inside heavy hadron decays in weak interaction [60, 61, 62] . These kind of small phase space transition could be possible in semi-electronic, semi-muonic and non leptonic decays of the heavy baryons and mesons. Such calculation has already been reported in heavy meson sector. For instance, Ref. [60] reported branching ratios and decays rates while Ref. [62] reported S-wave amplitudes and branching ratios of heavy-flavor conserving charmed and bottom baryons. In reference to that, we calculate here, the semi-electronic decays for strange-charm heavy flavour baryons Ω c and Ξ c using our spectral parameters. Table 18 . In second column (of Table 18 ) we list initial and final total angular momentum (J) and parity (P) and in third column we give initial and final total spin s l of the light degree of freedom. Where, △m = M -m, is a the Here, we use our calculated ground state masses (ν=1.0) of without first order correction(A) and with first order correction(B). The differential decay rates for exclusive semi-electronic decays are given by [60, 63] ,
where P (w) contains the hadronic and leptonic tensor. After evaluating the integration over w=1 in the hadronic form factors we study the following decay given below.
Different s l → s l ′ are noticeable. For the final state with "Λ-like" baryon,
For the final state with "Σ-like" baryon, For the final state with "Ξ-like" baryon,
where G F is the Fermi Coupling constant and |A(1)| 2 =1. The superscript of Γ in Eq n . (16), (17) and (18) Table 18 .
Results and Discussions
The mass spectroscopy of single charmed baryons have been studied in the framework of Hypercentral Constituent Quark Model (hCQM) with coulomb plus power potential scheme. The ground state as well as the excited states (both radial and orbital) masses are calculated by solving the six dimensional hyper radial Schrodinger equation numerically. We also included the first order correction to the potential (see Eqn. (9)). The calculations have been done without first order correction(A) as well as by adding Table 4 -17) . The calculated values with first order correction are more than that of without first order correction. We also discuss and compare the experimental known states (mentioned in Table  2 ) with the obtained results. Present results are in good accordance with experimental and other model results. Our predicted J P values of known experimental states are listed in Table 19 . We have plotted Regge Trajectories of all charmed baryons in (n, M 2 ) plane (See Fig. (6-8) ) and also in (J, M 2 ) plane (See Fig. (9-13) ). We have done linear fitting in (J, M 2 ) plane to obtain straight lines (See Fig. (9-12) ). We observe that the square of the calculated masses fit very well to the linear trajectory and almost parallel for S, P and D states.
A brief description of the singly charmed baryons (mentioned in Table-1) are given in following sub-sections. Mass spectra and the individual graph aspects for each system are also mentioned. M → ν graphs are plotted for S state (with J P = 1 2 + ) and P state (with J P = 1 2 − ) only, but mass spectra have been calculated for S, P, D and F states. We have calculated the mass spectra of Λ + c baryon for 1S-5S, 1P-5P, 1D-2D and 1F states with and without first order corrections (see Table 4 -5). Our results are close to the experimental measurements and other theoretical predictions [21, 46, 47] at potential index ν= 1.0. The ground state lattice QCD calculations are also shown in Table  ( [2] and Babar collaboration [4] . The spin and parity of these states have not been assigned yet. Therefore, many theoretical models [46, 47, 21, 22] have compared Λ c (2765)
+ with J P = 1 2 + , first radial excited state. Our model observation also concluded it as 2S state. Λ c (2940)
+ is compared with the orbital excited state (2P) in our calculation. Similar kind of predictions are given by [46] . Hence, we assigned,
value. These two states (2S and 2P) are reasonably close to our present results at ν=1.0.
We have plotted the graph M → ν (Fig.1) for radial (upto 5S) and orbital (upto 5P) excited states. We have also included experimental [6] as well as lattice results [10] in Fig.1 . It is observed that as ν increases the mass of Λ c baryon increases. The Regge trajectories of Λ + c are plotted in Fig. (6,14) . In both figures 1S, 1P and our predicted 2P states are close to experimental results while our predicted 2S and 1D states shown few MeV difference. We can observe that all results are parallel to each other without any fitting the experimental states are also shown for particular states. Table 18 . Semi-electronic decays in s → u transition for charm baryons are listed. Ref. [66] has also calculated for J P ( The present mass predicted for Σ c baryons is reasonably close to experimental as well as other theoretical predictions for potential index ν = 0.9 [See Table 6 -11] . We have plotted the M → ν graph for Σ for all these baryons for S ,P and D states. 1S and our predicted 1P states are matched with available experimental results in both planes with J P ( + respectively by Ref. [6, 21, 46, 22] . The present calculated excited states are in good agreement with other theoretical predictions (See Table  12 The orbital excited state masses are mentioned in Table [14] [15] . The first orbital excited state Ξ c (2790) with
− and Ξ * c (2815) with
− are well established experimentally [6] and also by other theoretical models (Ref. [21] , [46] ) and lattice results (Ref. [10] ) as 1P state. Moreover, Ref. [67] has also calculated m(Ξ * c )= 2.93 ± 0.11 GeV. All are in good agreement with our calculations of 1P state. + ) primarily. We have calculated mass spectra for radial (1S-5S)[ Table 16 ] and orbital excited states (1P-5P, 1D-2D and 1F) [ Table 17 ]. As we do not have any experimental data for excited states (both radial and orbital), we have compared our predictions with D. Ebert et.al., based on quark-diquark model. + are shown from bottom to top. Available Expt. data is also given with particle name. + are shown from bottom to top. Available Expt. data is also given with particle name.. The comparisons with other predictions are also mentioned in Table 16 -17. Moreover, Ref. [10] has reported m(Ω c )= 3.016(32)(37) GeV (for J P = 1 2 − ) and Ref. [67] has reported m(Ω * c )= 3.08 ± 0.12 GeV (for J P = Mass variation with potential index is shown in Fig.  5 for S and P states. These results also follow the same trend as followed by charm Λ, Σ and Ξ baryons. D and F state results are also compared with ref. [21] and they are in close agreement at potential index ν=0.9. The Regge, therefore shown in Fig. (6,13) in (n r , M 2 ) and (J, M 2 ) plane are almost linear parallel and at equidistance.
Conclusion
The mass spectra of Λ c , Σ c , Ξ c and Ω c baryons are calculated in hypercentral constituent quark model(hCQM) with coulomb plus power potential along with first order correction(B) and without correction(A). As we don't know the exact three body interaction of quarks within hypercentral approximation, we have introduce the power index, ν and calculated the mass spectra for ν from 0.5 to 2.0. We have obtained our mass spectra by considering the five values (0.5,0.7,0.9,1.0 and 2.0) of the ν in each case of baryons. So that, we compute the root mean square (rms) deviations of the predicted masses for each choices of ν as
The graphs of standard deviation (σ) versus potential index ν are shown in Fig. (15) for Λ c , Σ c and Ξ c baryons. We have taken experimental results from Ref. [6] and Lattice QCD results from Ref. [10] , to calculate rms deviations for these baryons. The figure shows the distinct minima at potential index near 1.0 in both, experimental as well as Lattice QCD calculations for all these baryons. Thus, we can say the mass spectra of Λ c , Σ c , Ξ c and Ω c baryons are close to known experimental observations and other theoretical predictions at potential index slightly be- -14) ] plane. Obtained masses are plotted in accordance with quantum number as well as with natural and unnatural parities. This study produces the information about the hadron dynamics and it also important for the hadron production and high energy scattering [21] . These graphical representation is useful in assigning J P value to experimental unkown states. We are not performing any fitting for the calculated mass(in case of (n,M 2 ) plane, but still we are getting almost linear, parallel and equidistance lines in each case of baryons.
We have listed various experimentally known(J P value unkown) singly charmed baryonic states in Table (19) . We have compared these states with our calculated results in Table [4, 5, [9] [10] [11] [12] [13] [14] [15] . From that, we have concluded their baryonic states and also assigned J P value to these unknown experimental states. After successful implementation of this scheme to the singly charmed baryons, we would like to extend this scheme to calculate the decay rates of these baryons as well as to calculate the mass spectra and the decay rates of bottom baryons. We can also find other dynamics of Regge trajectories like slope and intercepts easily. Finally, we would like to conclude that there are not much theoretical calculations which provide the spectra starting from S to F states. So, we have compare our results to the D. Ebert calculations [21] . This study will help to experimentalist as well as the theoretician to understand the dynamics of the singly charmed baryons.
